Molybdenum (Mo) is a popular paleoproxy for tracking the spatiotemporal pattern of euxinic (anoxic and sulfidic) conditions in the ancient ocean, yet surprisingly little is known about the processes leading to its fixation under sulfidic conditions. Pyrite has been proposed to be the main host phase for Mo sequestration. To clarify the role played by pyrite, and thus to refine the utility of this paleoproxy, modern and ancient samples from six different study sites were analyzed, all representing euxinic conditions, using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Although pyrite often shows substantial enrichments relative to average crust and even matrix samples of similar size, our results show that most of the Mo in euxinic muds and shales is found in the non-pyrite matrix (80-100%) and not in the pyrite grains (0-20%)-simply because the volume of matrix dominates the bulk sediments/rocks. A relationship between the percent of Mo hosted by pyrite and the sulfur isotope composition of that pyrite is observed and can be linked to post-depositional alteration. Specifically, the oldest, typically most altered samples, show the highest d 34 S values because of limited sulfate availability at the time of their formation in the early ocean. In these old samples, the relatively small amount of Mo sequestered initially within pyrite is more likely to have been released to the matrix during the strong recrystallization overprints that these rocks have disproportionately suffered. Despite the universal importance of appreciable H 2 S availability during Mo uptake, we conclude that pyrite should be viewed as a nontrivial sink for Mo but clearly not the primary host in most euxinic shales and rather suggest that other burial pathways should be emphasized in future studies of the mechanisms of Mo sequestration in such settings.
INTRODUCTION
Elucidating when and how oxygen concentrations rose in Earth's early atmosphere is crucial to understanding the parallel evolution of life. To explore these questions, researchers have used diverse geochemical proxies first developed in modern settings such as the Black Sea. One of the most promising indicators of past redox states is molybdenum (Mo). Generally, sedimentary Mo concentrations are much higher in anoxic/sulfidic environments compared to average crustal rocks (e.g., Crusius et al., 1996; Lyons et al., 2003; Tribovillard et al., 2004; Scott and Lyons, 2012) . Recently, this property has led to important discoveries that have improved our knowledge of oxygen distributions on the early Earth (e.g., Anbar et al., 2007; Scott et al., 2008 Scott et al., , 2011 Kendall et al., 2010; Li et al., 2010; Gill et al., 2011) . Over the last decade, Mo isotope systematics have also emerged as a promising tool for assessing how redox conditions have evolved in both modern and ancient settings (e.g., Arnold et al., 2004; Neubert et al., 2008) .
Molybdenum speciation in modern oxic seawater is dominated by the unreactive molybdate anion, Mo VI O 4 2À , with a modern seawater concentration of about 100 nM (Collier, 1985; Emerson and Huested, 1991; Morford and Emerson, 1999) . As such, it is a conservative trace element and the most abundant transition metal in the modern ocean, with a residence time of $440,000 years (Miller et al., 2011) . Molybdenum geochemistry has been studied extensively over the last three decades (e.g., Bertine and Turekian, 1973; Brumsack and Gieskes, 1983; Helz et al., 1996 Helz et al., , 2011 Chappaz et al., 2008 Chappaz et al., , 2012 , and the mechanistic processes involved in its incorporation into oxic sediments are relatively well understood, but those occurring under anoxic and/or sulfidic conditions remain less clear.
Enrichments at the oxic sediment-water interface are usually attributed to Mo adsorption onto manganese and iron oxyhydroxides (e.g., Crusius et al., 1996; Zheng et al., 2000; Barling and Anbar, 2004; Chappaz et al., 2008; Goldberg et al., 2009 Helz et al., 1996; Erickson and Helz, 2000) . The removal processes and ultimate fate of Mo VI S 4 2À under these conditions remain topics of discussion. Some argue that a reduction step from Mo VI to Mo IV is necessary for Mo fixation into sediments (Franc ßois, 1988; Emerson and Huested, 1991; Calvert and Pedersen, 1993; Vorlicek et al., 2004) . Other works suggest that Mo is scavenged by pyrite and/or organic matter (Huerta-Diaz and Morse, 1992; Helz et al., 1996; Bostick et al., 2003; Vorlicek et al., 2004; Tribovillard et al., 2004) . A new model describing Mo removal occurring in euxinic water has been proposed and argues for a Mo-Fe-S mineral phase whose precipitation is controlled by a combination of sulfide concentration, pH, and availability of reactive iron (Helz et al., 2011) . Recently, XAFS evidence has shown that Mo is present as a reduced Mo IV -S compound in sediments from a sulfidic lake (Dahl et al., 2013) .
The main goal of our study was specific-that is, to assess the relative role of a classically favored host for Mo-pyrite-through detailed microanalysis of modern and ancient fine-grained siliciclastic sediments that accumulated under euxinic conditions. Specifically, nine sediment and black shale samples (modern and ancient) from six different locations were analyzed using laser ablation-inductively coupled-plasma mass spectrometry (LA-ICP-MS). Results show that pyrite from these diverse locations is not the dominant host for Mo in euxinic sediments and shales. To our knowledge, few, if any, previous studies have pursued the same essential goal. It is our assertion that a full mechanistic understanding of trace metal burial, and thus the true strength of related paleoproxies, requires a tighter grasp on metal-host relationships in modern and ancient sediments. This study represents an important step in that direction. Table 1 provides information on the euxinic sediments and black shales we investigated. These samples were collected and characterized as part of other complementary studies focused on broad-scale paleoenvironmental interpretations. The key references are given in Table 1 .
METHODS

Sample preparation
Unconsolidated modern muds and lithified ancient sediments ranging in age from 180 to 2650 million years before present (Ma) were analyzed. The unconsolidated modern sediments were first freeze-dried. The dried samples were disaggregated by rubbing lightly with a gloved finger in a 50 mL Pyrex beaker. The resulting powders were poured into 2.5 cm diameter cylindrical molds. The molds were filled with approximately 5 ml of Struers Epofix epoxy. Lithified sediment samples were cut perpendicular to bedding and placed within 2.5 cm diameter molds, which were filled with approximately 5 ml of Struers Epofix epoxy. Both sample types were then prepared using a series of polishing compounds from coarse to fine and culminating with 1 lm diamond paste. Using a Nikon Labophot2-Pol microscope, the distributions of pyrite versus matrix were first identified for further analysis by laser ablation. Particular attention was given to select matrix zones virtually free of pyrite grains visible with the microscope and as informed by our SEM analyses (below) to enable comparison between pyrite spots and matrix. Sizes for pyrite grains ranged between 8 and 75 lm for most of the samples, and in some samples these grains formed aggregates that were further consolidated into nodules up to 5 mm in diameter or in bands up to 3 mm thick. As such, it was relatively straightforward to focus on the end-member constituents during laser ablation. Images of the samples presented in Fig. 1 were taken with a scanning electron microscope using backscattered electrons detection (SEM-BSE) at the University of Tasmania.
Analytical methods
The LA-ICP-MS system based at the Centre of Excellence in Ore Deposits, University of Tasmania, was used to determine trace element concentrations in the diagenetic/syngenetic pyrite and sedimentary matrix in all samples. This system employs a New Wave UP-193SS Nd:YAG Q-switched Laser Ablation System coupled to an Agilent 7500a Quadrupole ICP-MS. Samples were ablated in an ultra-high purity He atmosphere, which was mixed with Ar before flowing into the ICP-MS. The samples were analyzed in spot mode with a beam size of 10-50 lm and 10-100 lm for the pyrite and matrix, respectively. A repetition rate of 5 Hz and a laser energy of 1.8 to 2.5 J cm À2 were used for all analyses. Data were collected over 90 s intervals, with 30 s of pre-ablation acquisition and 60 s of data acquisition with the laser on. Generally 45-50 s of data acquisition were used for the data reduction to avoid any noise associated with the first 10 s of ablation, except for pyrite grains that were small and quickly consumed. These very small grains necessitated a shorter integration interval because the beam ablated through the pyrite grain. Analyses with less than 20 s of data acquired were rejected. This modification was primarily an issue for pyrite framboids from the Cariaco Basin because of their small sizes, although the majority of these pyrites yielded between 20 and 45 s of usable signal. The STDGL2b-2 standard is a lithium-borate-fused disc of pyrite and sphalerite powder doped with certified element solutions (Danyushevsky et al., 2011) . STDGL2b-2 was used as the primary standard to calculate trace elements concentrations and to correct for instrument drift. The standards were analyzed twice at the beginning and end of the session and every one to two hours during the session. All results were corrected for linear drift. A total of 93 LA-ICP-MS spot analyses of pyrite and 80 of matrix were conducted on the nine samples chosen for this study (see Electronic Annex 1). Data reduction was undertaken according to the methods proposed by Longerich et al. (1996) .
Iron was used as an internal standard during pyrite analysis because pyrite rarely varies in iron content by more than 5% from its stoichiometric ideal. Using the STDGL2b-2 standard, this approach yields an error of <15% for most elements (Danyushevsky et al., 2011) . However, this error may vary depending on spot size and homogeneity of the trace metals of interest in the pyrite. Because STDGL2b-2 is typically used to quantify sulfides, higher error is expected for the matrix material. However, the validity of using only one standard (STDGL2b-2) for both pyrite and matrix analyses was later confirmed (see below) because our bulk Mo concentrations from previous sample digestions provide an independent check on the integrity of our matrix data and our approach overall. Furthermore, because the matrix is typically a fine-grained, poly-minerallic mass that varies from sample to sample, a stoichiometrically ideal internal standard for all samples was not possible. Consequently, we used bulk Al concentrations as an internal standard to evaluate any heterogeneity in the matrix that could have potentially decreased the accuracy of the analysis. The difference in the ablation rate between the matrix materials and pyrite could also introduce error into the matrix analyses, as the data reduction is optimized for pyrite. Specifically, differences in the rate of ablation could allow more or less material into the ICP-MS. Due to variations in the matrix properties among the different samples ranging from unconsolidated but epoxy impregnated modern sediments to 2.6 billion-yearold sedimentary rocks, no single optimized standard, analogous to that used for estuarine sediments by Dolor et al. (2009) , could be found. Given these concerns, the quality of the analyses were checked by first approximating the bulk sample compositions of our unknowns using the spot analyses of pyrite and matrix and the known pyrite contents of the samples determined by wet chemistry. Pyrite-S contents and isotope compositions were measured as part of earlier studies (see Table 1 ) and are based on wet chemical extraction via the chromium reduction method (Canfield et al., 1986 ). The calculated compositions were then compared to the known bulk composition of the samples (Table 1) .
RESULTS
Pyrite
Pyrite content ranges between 0.5% and 5.8% (Table 1) . Based on the isotopic composition of sulfur contained in the pyrite (d 34 S pyrite , Table 1), the pyrite was divided in two different groups. The first group comprises samples from the Cariaco Basin (modern), the Posidonia Shale (Jurassic, Toarcian) and Doushantuo Formation (Late Proterozoic, Ediacaran). Framboidal structures are clearly visible in the samples from the Cariaco Basin and the Posidonia Shale (Fig. 1) . The values for d 34 S pyrite in these samples are all negative (À11& to À28&, Table 1 ). In contrast, a second group, comprised of shale samples from the late Archean Mount McRae Shale and similar-aged shales from the Transvaal Supergroup, all show positive d 34 S pyrite values (0-11.8&, Table 1 ) and dominantly euhedral or subhedral crystal morphologies. The ages of the Archean samples predate the first group by more than 2 billions years. Values for aMo py and aMo ma range between 0.9 and 1098 lg/g and 0.5 and 130 lg/g, respectively. The aMo py values are higher (1.3-8.0 times) than those for aMo ma in all but one sample: Mount McRae Shale ABDP-9 132.78 with an aMo ma value $4 times higher than aMo py . However, the critical consideration in assessing the predominant Mo host in each sample is the relative amount of pyrite versus matrix in each sample. To this end, calculated Mo contents are simply the average value measured in either the pyrite or matrix weighted to the percentage of pyrite or matrix in the bulk sample. The concentration of Mo calculated in the bulk sample is the sum of the calculated pyrite and matrix Mo contents, which can be compared to the published measured bulk concentrations determined by total sample digestion. Calculated values are in good agreement (r 2 = 0.92) with the previous bulk Mo analyses (Fig. 2) , with the exception of the Posidonia sample DO-PS-125, which is three times higher than the value measured in the bulk sample. This offset may reflect some degree of heterogeneity in this particular Posidonia sample.
Molybdenum concentrations
Molybdenum distribution
Again, concentrations within individual pyrite spots are generally higher than those for equivalent matrix analyses; however, pyrite represents only a small fraction of the total sample. Therefore, the majority of Mo is contained in the matrix fraction for all samples (Fig. 3) . The percentage of Mo in the matrix fraction varies between 80% and 100%, leaving 0% and 20% in the pyrite. Higher Mo contents are found in the younger pyrite group (modern, Toarcian, and Ediacaran samples) (average value = 15%), whereas pyrite in the second group (Archean samples) contains significantly less Mo (average value = 0.8%).
DISCUSSION
The novel dataset presented in this study is an important step forward in understanding where-and ultimately why-Mo resides among the key potential host phases in euxinic sediments. The results clearly demonstrate that the role the pyrite plays as a host phase in euxinic sediments is subordinate to that played by the non-pyritic constituents within matrix, and the consistency of this pattern among modern and ancient sediments suggests that this relationship is a primary feature. Mo burial linked to pyrite has long been invoked to explain enrichments in euxinic settings (e.g., Helz et al., 1996; Morse and Luther, 1999; Sundby et al., 2004 ). While we agree that Mo is often associated with pyrite-as shown in experimental data (Bostick et al., 2003) , analysis of chemical extractions of natural pyrite (Huerta-Diaz and Morse, 1992; Tribovillard et al., 2008), and our results-we argue that the overall importance of this process is not the dominant story and should be viewed accordingly in future work.
It is important to note the restrictions intrinsic to the methods used in this study (LA-ICP-MS)-more specifically, a spatial resolution limited on the low end to 10 lm, which is close to or even larger than some of the individual pyrite grains and is a source of some error. Moreover, very finely dispersed pyrite grains might have been contained within the matrix. However, to minimize pyrite contributions to the matrix measurements, Mo data showing parallel spikes in Fe and other pyrite-associated elements were culled during the reduction of the matrix data (see Electronic Annex 2 for examples). Furthermore, the visual resolution of pyrite is on the order of 1 lm, so we consider it unlikely that a significant amount of cryptic pyrite escaped examination prior to matrix analysis. In particular, the pyrite in the modern samples (Image 1, Fig. 1 ) seems almost universally confined to easily recognized framboids. Finally, our approach is validated by the good overall match between Mo measured in bulk samples in previous studies and the Mo calculated in bulk samples (Fig. 2) .
Mo-pyrite interactions
Although our data suggest that pyrite appears to be a relatively minor host phase in modern euxinic muds and recent/ancient black shales, it is apparent that the proportion of Mo hosted by pyrite is reduced in older samples (Fig. 3) . Past work suggests that Mo was generally less abundant in Fig. 2 . Comparison between the Mo concentrations we calculated for the bulk samples versus those actually measured in bulk via total sample digestion. The dashed line represents the ideal ratio 1:1, and the plain line represents the linear regression with the corresponding r 2 . Fig. 3 . Mo partitioning between pyrite and matrix for the diverse modern and ancient euxinic sediments and shales used in this study. The black and gray bars represent the percentages of Mo contained in pyrite and matrix, respectively. the ocean during those earlier episodes-in the Precambrian compared to the Phanerozoic (Scott et al., 2008 )-but we can think of no straightforward reason that would explain why a lower fraction of pyrite-Mo specifically relative to matrix-hosted Mo should reflect lower ambient dissolved Mo availability in the ocean. Instead, as Scott et al. (2008) observed, Mo is lower overall in the bulk samples of the older materials. Moreover, the samples from the Doushantuo Formation represent a specific time interval of inferred high, perhaps modern-like, Mo concentrations in the ocean during the latest Precambrian (Scott et al., 2008; Li et al., 2010) . Further, the much younger Toarcian oceanic anoxic event was likely marked by a dramatic reduction of the marine Mo inventory (Pearce et al., 2008) , perhaps akin to the mid-Proterozoic.
A relationship between the d 34 S of the bulk pyrite in our samples and the fraction of Mo present with pyrite is also apparent (Fig. 4) . Lower d 34 S values are often associated with early diagenetic pyrite relative to later diagenetic phases (e.g., Canfield et al., 1992) because of progressive isotopic evolution of the sulfate reservoir as isotopically light sulfur is preferentially reduced during bacterial sulfate reduction. Under these later burial stages, far removed from the overlying seawater reservoir, there would be less Mo availability in the pore waters and thus less incorporation into later pyrite. The complication here, though, is that most workers attribute the heavy d 34 S values in very old pyrite, particularly in euxinic settings, to lower sulfate concentrations in the early ocean overall relative to younger seawater, as tied to lower biospheric oxygen levels (Lyons and Gill, 2010; Canfield et al., 2010 )-rather than differing stages of pyrite paragenesis. In other words, Precambrian pyrite is often skewed toward heavy values regardless of the mode of pyrite formation, due to overarching oceanographic controls.
We suggest that the oldest samples have experienced more intensive post-burial alteration, which is supported by the regional metamorphic overprints and generally more complex burial histories of our Archean samples. Under such conditions, pyrite is heavily recrystallized, as we observe in the fundamental shift away from framboidal morphologies toward often larger, euhedral/subhedral grains (Fig. 1) . A similar relationship was observed by Large et al. (2007) , who showed loss of Mo and other trace elements across a continuum of framboidal to various later crystalline pyrite phases during progressive metamorphism. A greater likelihood of release of Mo incorporated in early pyrite would be expected during alteration in our oldest samples-most likely to the surrounding matrix. In short, the observed relationship between the percentage of Mo formation are still open to debate. Recently a study using XAFS measurements determined Mo speciation in sulfidic sediments for the first time and identified a Mo compound that could be considered as the final step for Mo burial in euxinic sediments (Dahl et al., 2013) . This species is composed of one Mo atom with a +4 redox state and is surrounded by four sulfur atoms within the first shell and by one Fe atom within the second shell. Considering Mo VI S 4 2À as the initial stage and Mo IV S 4 Fe as the final stage, and assuming broad relevance for the findings of Dahl et al. (2013) pending additional work, four potential pathways could be proposed to explain Mo enrichments in suldific settings (Fig. 5) . For all these pathways, a reduction step (yet to be identified) would be necessary to reach the final stage (Mo IV ). The first pathway involves Fe-Mo-S precipitation and would lead to the formation of the compound Fe 5 Mo VI 3 S 14 in the water column (Helz et al., 2011) . The second pathway, involving Mo V reduction, would involve an intermediate Mo V species formed at the sediment water interface (Wang et al., 2011) . The third scenario, burial via fixation and possible reduction by natural organic matter, is based on the notable co-variation between Mo and total organic carbon (TOC) observed in modern and ancient euxinic basins (Algeo and Lyons, 2006; Anbar et al., 2007; Lyons et al., 2009) . This relationship suggests a crucial role played by organic matter during sequestration of Mo in euxinic settings. A compilation of published data of Mo, pyrite, and TOC concentrations for five of our six study sites (Fig. 6) clearly shows better correlations for the Mo-TOC relationship than for Mo-pyrite. This Mo-TOC co-variation is not easily explained by anything other than a real mechanistic coupling that remains to be resolved. Finally, Vorlicek et al. (2004) and Dahl et al. (2013) have highlighted the possible importance of polysulfide (RS(0)) in the mechanistic processes that govern Mo burial in euxinic settings and their paleoenvironmental implications. These Mo-polysulfide interactions should be explored in future work. Of course, it is also possible, if not probable, that the reality is a combination of two or more of these hypothesized pathways.
CONCLUSION
Based on spot analyses of pyrite and matrix material in euxinic samples ranging in age from modern to Archean, we clearly demonstrate that pyrite should not be viewed as the primary host phase for bulk Mo enrichments. Although Mo is an important trace element in pyrite, mass balance arguments link most of the Mo to an unconstrained host in the matrix. A relationship between d 34 S pyrite and the fraction of Mo bound to pyrite was observed, which is attributed to Mo loss from pyrite during recrystallization, expressed most severely in the Archean samples, and is consistent with the observed shift from framboidal morphologies to euhedral/subhedral grains. The corresponding high d 34 S pyrite values and lower bulk Mo concentrations reflect low levels of dissolved sulfate and Mo in Archean seawater.
With pyrite deemphasized as the main host for Mo in euxinic settings, four alternative burial pathways are presented; 1: Fe-Mo-S precipitation, 2: Mo V reduction, 3: an organic matter pathway, and 4: a polysulfide pathway. Future work should focus on identifying specific mechanisms of molybdenum uptake in sulfide-rich, oxygen-deficient settings. This refined understanding is certain to improve the utility of Mo paleoproxies in ancient environmental reconstructions.
